Vascular endothelial growth factor (VEGF) mediates increased vascular permeability and endothelial mitogenesis, and may orchestrate normal glomerular permselectivity and proteinuria. Distinct isoforms result from differential gene splicing. VEGF binds to two cell surface tyrosine-kinase receptors, KDR (kinase domain region) and Flt-1 (fms-like tyrosine kinase-1). The latter also exists in a soluble form (sFlt), which is inhibitory. We have studied patterns of VEGF-isoform and VEGF-receptor expression in isolated single normal human glomeruli. mRNA from 190 glomeruli (from 20 individuals) was harvested on to magnetic beads, and nested reverse transcription-PCR was performed using primers for the VEGF isoforms and VEGF receptors. Simultaneous nested reverse transcription-PCR for CD45 was conducted in order to exclude leucocyte contamination. Unexpected products were isolated, cloned and sequenced. Multiple patterns of glomerular VEGF mRNA isoform expression were identified. Most frequently (58 %), all three common forms were expressed. VEGF 189 (i.e. 189-amino-acid form of VEGF) was expressed in 63 %, VEGF 165 in 85 % and VEGF 121 in 84 % of glomeruli. Two unexpected PCR products were also identified : 18 % of glomeruli expressed VEGF 145 , and 27 % of glomeruli expressed a new truncated VEGF splice variant, VEGF 148 , lacking exon 6, the terminal part of exon 7 and exon 8. Multiple patterns of VEGF-receptor expression were also identified, the most common being expression of all three isoforms (28 %). Overall, KDR was seen in 59 % of glomeruli, Flt-1 in 45 % and sFlt in 57 %. Thus the expression of VEGF within normal glomeruli is complex and variable, with inter-and intra-individual variation. Furthermore, sFlt appears to be the co-dominant form of VEGF receptor expressed within glomeruli, suggesting that, in healthy individuals, a degree of VEGF autoregulation is the norm. The physiological importance of VEGF 148 remains to be confirmed.
INTRODUCTION
The normal glomerulus demonstrates size and charge permselectivity. Intrinsic renal disease is frequently associated with excess protein (mostly albumin) in the urine (proteinuria). Proteinuria is clinically important, not only because of the nephrotic syndrome but also because it appears to influence the progression of established glomerular lesions [1] .
Vascular endothelial growth factor (VEGF), also known as vascular permeability factor, is a 34-42 kDa dimeric glycoprotein which mediates increased vascular permeability and endothelial mitogenesis. Differential exon splicing of the VEGF gene results in five main mRNA species which code for five secreted isoforms (subscripts denote numbers of amino acids) : VEGF #!' , VEGF ")*
, VEGF "'& , VEGF "%& and VEGF "#" and VEGF "%& are uncommon [2] [3] [4] . The three common forms are expressed in normal adult and infant kidney, and in situ hybridization and immunohistochemical studies have identified the site of production to be primarily the visceral glomerular epithelial cells [5, 6] . However, these studies have used probes and antibodies which do not differentiate between all the physico-chemically and possibly functionally different isoforms.
VEGF "#"
is acidic and freely secreted. VEGF "'& , the predominant form in most tissues, is more basic, has heparin-binding properties and, although a significant proportion remains cell-associated, most is freely secreted. VEGF ")* is very basic ; it is cell-associated after secretion and is bound avidly by heparin and the extracellular matrix, although it may be released as a soluble form (VEGF ""! ) by heparin, heparinase or plasmin [7, 8] . Initial data supported the view that, may each influence capillary permeability, only the two smaller forms are strong mitogens, VEGF "'& being the most potent [3, 8] . However, more recent evidence suggests that VEGF ")* may also have full mitogenic potential after extracellular cleavage by urokinase [9] .
VEGF receptors are of two types : stimulatory, membrane-bound Flt-1 (fms-like tyrosine kinase-1 ; also known as VEGFR-1) and KDR (kinase domain region ; VEGFR-2) ; and inhibitory, soluble Flt (sFlt). sFlt is a splice variant of Flt-1 which renders VEGF inactive when bound. These receptors are expressed by the glomerular endothelium [5, 10] . The membrane-bound receptors also appear to be functionally distinct. In vitro, at least, KDR mediates mitogenesis, whereas Flt-1 lacks this ability [11] The intimate anatomical juxtaposition of the source of VEGF and its receptors [5, 10] , its extreme potency as a mediator of vascular permeability [12] , the ability of VEGF ")* to bind heparan sulphate (an important contributor to the anionic nature of the glomerular basement ultrafiltration membrane), and the ability of VEGF to induce endothelial fenestrations [13] have resulted in VEGF being implicated in the control of normal glomerular permselectivity in health and of proteinuria in glomerular disease [14] .
Despite its important potential role in normal glomerular physiology and pathology, and the structural and functional heterogeneity demonstrated by both VEGF and its receptors, current knowledge of constitutive glomerular VEGF isoform and receptor expression is limited. We describe a technique to analyse gene expression for the various forms of these mediators in individual glomeruli. In the course of these studies, we identified a novel truncated splice variant of VEGF and also observed the expression of a splice variant (VEGF "%& ) previously only described in tissue derived from the female reproductive tract.
METHODS
Our glomerular harvesting and single-glomerulus reverse transcription-PCR (RT-PCR) techniques were adapted from well established previously published methods [15] . Sequences of all relevant primers are given in Table 1 , and the positions of VEGF primers are shown in Figure 2 (A).
Nephrectomy tissue
Nephrectomy tissue was supplied by the Department of Urology, Southmead Hospital, from patients undergoing Table 2 ).
nephrectomy for polar renal tumour (age range 47-78 years). All patients were non-diabetic and normotensive, with normal excretory renal function and no urinary sediment. A uniform collection system was used. Immediately after nephrectomy, excess fat was removed from the normal pole by blunt dissection, and several ' full-thickness ' (capsule to deep medulla) needle biopsies were taken. These were placed in a Petri dish containing PBS (pretreated with diethyl pyrocarbonate as an inhibitor of RNases) and glomeruli were harvested as described below. The time lag from nephrectomy to obtaining isolated glomeruli in lysis buffer was in the order of 30 min. In addition, sections of kidney were taken for histological analysis.
Since the tissue studied was derived from surgical specimens and would otherwise have been discarded, no Ethical Committee approval or individual patient consent was required.
Glomerular harvesting
Single subcapsular, mid-cortical and juxta-medullary glomeruli were isolated from needle biopsies. A total of 190 glomeruli were studied from 20 individuals. Glomeruli were collected under an Olympus SZ11 dissection microscope using a pair of fine tweezers ground to a point and a 12-gauge needle. Only glomeruli visibly isolated from surrounding tissue were used. It became evident with time that glomeruli could be encouraged to spontaneously ' pop ' out of their Bowman's capsule by gently squeezing the biopsy core with fine tweezers.
Harvesting of glomerular mRNA and reverse transcription mRNA was extracted from isolated glomeruli using a poly(T) Dynabead kit (Dynal RNA Direct), using the manufacturer's instructions [15] . Briefly, each glomerulus was lysed and then incubated with poly(T) beads. The beads were washed several times to remove cell debris, prior to a reverse transcription step, which was carried out while the RNA was still attached to the Dynabeads, again following the manufacturer's instructions (Reverse Transcription kit ; Promega). Following reverse transcription, the cDNA-linked Dynabeads were incubated in 50 µl of TE buffer (10 mM Tris\1 mM EDTA, pH 8) and heated to 95 mC for 1 min. This TE buffer was then discarded, removing the RNA that had become detached from the beads. The cDNA-linked Dynabeads were then resuspended in 50 µl of TE buffer for storage or PCR.
Initial experiments and standardization of nested RT-PCR
In preliminary experiments, standard RT-PCR was performed on isolated glomeruli. However, we found that the 40-45 cycles required to detect VEGF also resulted in poor-quality smears. Nested RT-PCR was therefore used. This was standardized by varying the cycle number and template quantity in each phase. We found that a cycle number of 18 in the first PCR and of 25 in the second produced specific bands. Further initial experiments from a number of cases demonstrated that the pattern of VEGF mRNA isoforms within a single glomerulus was always reproducible with repeated experiments.
Nested PCR for VEGF isoforms and total VEGF
cDNA-linked Dynabeads were washed in 10i PCR buffer (Hybaid Proof 2 buffer) prior to addition to a 25 µl PCR reaction mixture containing external forward and reverse primers ( Figure 2 ; Table 1 ) (400 nM each), 1i Proof 2 buffer (including 2.5 mM MgCl # ) and 200 µM dNTPs (Hybaid). The reaction was ' hot started ' by addition of 0.75 unit of Taq polymerase (Hybaid ; PWO proof mix) in a first-round synthesis carried out as follows : 95 mC for 7 min (' hot start ' after 3 min), 95 mC for 1 min, 55 mC for 1.5 min and 72 mC for 2 min. The cDNA-linked Dynabeads were then removed by pelleting after 2 min at 95 mC. The supernatant containing the first strand of cDNA was then amplified using 18 cycles of 95 mC for 30 s, 55 mC for 50 s and 72 mC for 50 s, with a final extension for 5 min at 72 mC.
A 1 µl portion of the first-round PCR was used as a template in the second round of amplification. The reaction mixture was as above, except that either internal forward and reverse primers for VEGF isoforms (spanning exon deletions) or a VEGF common exon were used ( Figure 2 ; Table 1 ). The final MgCl Table 1 ) (400 nM each), 1i Promega PCR buffer and 200 µM dNTPs (Hybaid). The reaction was ' hot started ' by the addition of 1 unit of Taq polymerase (Promega) in a firstround synthesis carried out as follows : 95 mC for 7 min (' hot start ' after 3 min), 95 mC for 1 min, 55 mC for 1.5 min and 72 mC for 2 min. The cDNA-linked Dynabeads were then removed by pelleting after 2 min at 95 mC. The supernatant containing the first strand of cDNA was then amplified using 18 cycles of 95 mC for 30 s, 55 mC for 40 s and 72 mC for 40 s, with a final extension of 5 min at 72 mC.
A 1 µl portion of the first-round PCR was used as template in the second round of amplification. The reaction mixture was as above, except that either internal forward and reverse primers for the appropriate molecule were used and 1 unit of Taq polymerase was added. 
Detection of PCR products
PCR products were mixed with 3 µl of loading dye (0.25 % Bromophenol Blue\50 % glycerol) and electrophoresed in a 3 % (w\v) agarose (Sigma) gel. Bands were visualized by ethidium bromide staining on a UVP dualintensity transilluminator.
Nested PCR controls and experimental design
Each glomerulus was examined for : (a) ' total ' VEGF, using primers located in exons 2-4 (which are conserved in all VEGF isoforms), to act as an internal control, (b) VEGF isoforms, (c) VEGF receptors, (d) GAPDH, a housekeeping gene, and (e) CD45, the leucocyte common antigen, to detect any contamination by RNA from trafficking leucocytes. Each reaction included negative controls in which either template or the reverse transcription enzyme was omitted. Any glomerulus that was positive for CD45, and all glomeruli from kidneys subsequently found to be histologically abnormal, were excluded from analysis. In addition, all VEGF-isoform and VEGF-receptor specific bands were cloned and sequenced to confirm their identity. Multiple clones were sequenced of each of the expected VEGF-isoform and VEGF-receptor PCR products, and each confirmed the published sequences of
, Flt-1, KDR and sFlt, as anticipated.
Sequencing of unexpected PCR products
The unexpected PCR products were ligated into pGEM T vector (Promega) using the manufacturer's instructions. The products of ligation were transformed into competent TOP 10Fh Escherichia coli (Invitrogen, Groningen, The Netherlands) according to the recommended protocol, and positive colonies were selected on ampicillin (100 µg\ml)\agar plates. Clones shown to contain VEGF inserts by PCR with M13 primers were purified using a Qiagen QIA Quick PCR Purification kit (Qiagen, Crawley, W. Sussex, U.K.) and sequenced on an ABI 373 automatic sequencer using fluorescent dye terminators.
The sequence of one unexpected product was novel. To confirm this novel sequence, two additional primer sets were designed (primer sets b and c ; Table 2 , Figure  2B ). In the case of primer set c, the band of interest was excised and used as the template in a further PCR reaction. The products were separated on Spredex 600 gels (VH Bio, Newcastle-Upon-Tyne, U.K.), ligated using an Invitrogen TOPO TA cloning kit and transformed and sequenced as described above.
A total of nine clones from the three primer sets designed to identify the new isoform of VEGF were sequenced, all of which gave the same results.
RESULTS
A total of 190 single glomeruli were isolated. Of these, 26 (from two nephrectomy specimens) were subsequently excluded because of minor histological abnormalities in the nephrectomy specimens (tubulo-interstitial disease). In addition, six glomeruli (2.6 %) demonstrated a faint CD45 band and were also excluded from analysis. Thus 158 glomeruli remained, from 18 individuals. Individual glomerular numbers ranged from 5 to 16. All glomeruli demonstrated GAPDH expression ; 11 (7 %) were GAPDH-positive but negative for VEGF mRNA.
VEGF isoform mRNA expression
Marked heterogeneity was seen in VEGF isoform and receptor expression in different glomeruli from the same nephrectomy specimen ; indeed from the same needle biopsy. Figure 3 shows an electrophoretic gel of the VEGF mRNA isoforms expressed by 11 glomeruli from the same needle biopsy. These glomeruli were harvested sequentially from the subcortical area to the juxtamedullary zone. This clearly demonstrates that individual glomeruli show different patterns of VEGF mRNA isoform expression. The first glomerulus expressed the three common forms of VEGF mRNA ( Figure 3) ; however, the VEGF isoform mRNA expression of the glomerulus in lane 2 (which was anatomically approx. 50 µm away from the first) was totally different. Classification of each glomerulus according to the three common VEGF isoforms detected revealed multiple patterns of expression. However, two frequent patterns were seen ( Table 3 ). The commonest pattern was seen in 58 % of glomeruli, which expressed all three common forms previously identified in renal tissue : 
VEGF 148 mRNA
The sequencing data identified a 35 bp deletion at the end of exon 7. This dictated a frame-shift and a premature stop codon at the start of the short (19-base) exon 8. The Table 2 and Figure 2 (B) respectively. These were : (a) one pair placed beyond exon deletions to enable all isoforms to be identified, (b) a second pair, the forward primer of which spanned the novel exon boundary of VEGF "%) and (c) a third pair in which the forward primer was positioned in exon 7. We have also detected the expression of VEGF "%) mRNA in a number of stored and fresh tissue samples ( Figure 6 ).
VEGF-receptor mRNA expression
The expression of mRNAs for the three VEGF receptors was also heterogeneous (Table 4) . Although expression of all three was the commonest pattern (28 % of glomeruli ; individual range 0-64 %), 14 % of glomeruli (range 0-33 %) expressed KDR and sFlt, and 21 % (range 0-33 %) expressed only one of the three receptors. In 24 % of glomeruli, no mRNA was detected for any of the receptors. Overall, KDR was expressed in 59 % of glomeruli, Flt-1 in 45 % and sFlt in 57 %.
There was substantial variation in both VEGF-isoform and VEGF-receptor mRNA expression in isolated single glomeruli within and between individuals. The scatter of frequencies of particular isoform and receptor mRNA patterns was always normally distributed.
No specific patterns of VEGF-isoform or VEGFreceptor expression were apparent when comparing subcortical with juxta-medullary glomeruli. No specific pattern of VEGF-isoform expression was convincingly Vascular endothelial growth factor in normal human kidney 
DISCUSSION
VEGF is believed to play a key role in the glomerulus in health and disease [14] . In view of the complexity of this molecule's expression, differential splicing and receptor subtypes, we felt it was essential to study the normal glomerulus before attempting to analyse diseased tissue. The available antibodies to VEGF do not differentiate between VEGF isoforms, and nor do in situ hybridization probes. In addition, ligand-binding studies do not differentiate between receptor types. We devised a sensitive technique capable of differentiating between the various VEGF isoforms and receptors, and our study is the first to report the complex patterns of expression of these molecules in isolated normal human glomeruli.
We analysed a large number of glomeruli from 20 individuals. We also tested whether VEGF-isoform and VEGF-receptor expression differ between subcortical and juxta-medullary glomeruli as a result of differences in the glomerular micro-environment between these two sites (e.g. the relative hypoxia of juxta-medullary glomeruli). Single isolated glomeruli harvested as described therefore allowed us to study glomeruli from known anatomical sites within the renal cortex ; this would not have been possible with sieved glomeruli or cultured podocytes, both of which are known to express the three common VEGF isoforms. Our results demonstrate a heterogeneity in glomerular VEGF-isoform and -receptor expression, and therefore suggest an added level of complexity to normal glomerular and VEGF biology that was not previously appreciated.
Since access to truly ' normal ' human tissue is ethically and practically difficult, we took tissue from the uninvolved poles of kidneys removed because of tumours. Most donors were therefore elderly, and all had malignant disease. However, we did our utmost to exclude any possible confounding factors. After nephrectomy, perinephric fat was removed from the kidney to enable the tumour to be clearly visualized. Biopsies were taken from the opposite pole. Samples of kidney adjacent to the biopsy sites, but nearer the tumour, were taken for histological assessment. Glomeruli from two nephrectomy samples were subsequently excluded from analysis because of minor changes apparent on histological examination. These were changes associated with chronic interstitial inflammation ; no glomerular pathology was identified. Although these could be regarded as changes associated with normal aging [16] , we decided to exclude these kidneys from analysis (although their inclusion would not have materially altered our conclusions). Furthermore, any glomeruli that were positive for CD45 (the leucocyte common antigen) were also excluded from analysis. The only alternative source of ' normal ' glomeruli would be unused transplant organs. However, these are uncommon, are frequently derived from a similar-aged cohort and are often preserved ex vivo for several hours. In addition, animal studies have demonstrated significant immunological abnormalities in organs derived from ' brain-dead ' animals [17] . Thus our results must be interpreted with the knowledge that the donor tissue may not be truly ' normal ', but we submit that our sources were the best available and our exclusion criteria were very rigorous.
Relative VEGF-isoform and VEGF-receptor expression is heterogeneous in normal glomeruli. The reason for this is unclear ; however, our data suggest that glomeruli exhibit a degree of functional independence. Perhaps this should not surprise us, since in primary renal disease it is not uncommon to observe adjacent glomeruli demonstrating a variety of lesions (e.g. global sclerosis, crescent formation, mesangial proliferation). Some micro-environmental factors must govern this variation. Although it would be preferable to confirm this heterogeneity in the relative expression of VEGF isoforms and receptors between different glomeruli using a technique such as in situ hybridization, this has not been possible. Despite considerable experience in developing new strategies with non-isotopic in situ hybridization [18] [19] [20] [21] [22] [23] [24] , we have not been able to develop a probe cocktail that will distinguish between the VEGF isoform mRNAs. This is primarily because of the striking similarity between isoforms, with the only sequence specific for each being the spliced exon-exon boundaries.
The predominant glomerular VEGF isoforms were VEGF "'& and VEGF "#"
. These are generally freely secreted and are potent mitogens [3, 8] , although they have been shown to have permeability properties also. The dominant stimulatory VEGF receptor in normal glomeruli is KDR, which is known to mediate mitogenesis [11] , although the glomeruli are not sites of new vessel formation. However, the shear stresses on glomerular endothelial cells are considerable, and it is generally accepted that 80 % of cell turnover in normal glomeruli is due to endothelial cell proliferation. It has therefore been proposed that the integrity of the endothelium is maintained by this stimulus.
VEGF ")* is the least abundant common form in total renal tissue and sieved glomeruli [5] . It was present in 63 % of single isolated glomeruli. This form of VEGF is strongly basic, and therefore cationic. It is known to bind strongly to heparan sulphate, an important anionic component of the glomerular basement membrane. It can be hypothesized that this form of VEGF may have a greater chance of affecting the control of normal permselectivity and proteinuria, since, after secretion, VEGF ")* is generally associated with cells and the extracellular matrix, and could move up the filtration pressure gradient by moving down an electrostatic one.
The present study provides additional new information about the expression of some uncommon VEGF isoforms. The mRNA splice variant VEGF "%& was initially described in tumour cell lines derived from the female reproductive tract [25] . A recent functional study has shown this translated product to have a unique combination of properties distinct from those of the other isoforms [4] . We found it expressed in 18 % of normal glomeruli, and subsequently in peripheral blood mononuclear cells. This is the first description of its occurrence outside the female reproductive tract or tissue derived from it.
Furthermore, we have identified a new truncated splice variant, VEGF "%)
. This form results from a 35 bp deletion at the end of exon 7. This suggests that exon 7 may be in two parts that are differentially spliced, although there is no intervening intron. There is a clear precedence for this in exon 6 of VEGF. The deletion changes the reading frame and a premature stop codon results, producing the additional deletion of exon 8.
The predicted product of VEGF "%) mRNA would be a truncated form of VEGF "'& , perhaps without its modest ability to bind heparin but retaining a mitogenic capacity. Certainly it would contain amino acids 1-110, which seem to be needed for this function [9] . Furthermore the VEGF "%) product would not be dissimilar to the enzymic product VEGF ""! , which results from cleavage of matrixassociated VEGF ")* . Conversely, since VEGF "%) is unique among the isoforms (in lacking exon 8), it may have no biological activity, but may affect the function of other well characterized VEGF species by the formation of heterodimers. Alternatively, it may have a more complex role.
There are clear precedents for such splice variants with potential function-modulatory capacity. The oestrogen receptor is produced in a number of splice variants [26] . In addition, a heterogeneity of the expression of oestrogen receptor levels, size of protein produced and response to oestrogen have been described in various cell types within one tissue, akin to the heterogeneity we describe in VEGF isoform and receptor expression. Furthermore, a truncated splice variant, TERP-1 (' truncated estogen receptor product '), has been shown to be biologically active. It acts as a transcriptional stimulant to full-length products, thereby increasing the sensitivity of some cells to oestrogen [26] .
p73 (a structural and functional homologue of the transcription factor p53) also has multiple splice variants (known as p73α, p73β, p73γ and p73δ), which act as homo-or hetero-dimers. Similar to VEGF "%)
, the splicing of p73δ demonstrates a shift from the original reading frame and a premature stop codon. This form of p73 is less efficient at activating transcription, and may modulate the other isoforms through the formation of heterodimers [27] .
A number of glomeruli expressed one form of VEGF receptor only. Of the seven patterns of VEGF-receptor expression identified, the most frequent was the expression of all three receptors. Akin to the situation in the placenta, the co-dominant VEGF receptor in normal glomeruli is sFlt, which inactivates VEGF. These data suggest, therefore, that in health a degree of glomerular VEGF autoregulation is the norm. Nested RT-PCR is a very sensitive technique, more so than in situ hybridization, RNase protection or Northern analysis. We demonstrated the presence of GAPDH bands in all glomeruli, but in 24 % of glomeruli we were unable to visualize nested RT-PCR products for any of the VEGF receptors. However, binding studies with labelled VEGF have demonstrated VEGF binding in all glomeruli [10] . We presume, therefore, that despite good evidence of VEGF receptor protein in all glomeruli, our results simply reflect a level of VEGF-receptor message below the detection sensitivity of the assay.
There were no convincing differences in the patterns of VEGF-isoform or VEGF-receptor expression between subcapsular and juxta-medullary glomeruli. Furthermore, there did not appear to be any fixed relationship between the patterns of VEGF-isoform and VEGFreceptor expression in individual glomeruli.
In summary, the relative expression of VEGF isoforms and VEGF receptors by individual glomeruli is complex and variable. This should be borne in mind in the future study of glomeruli from diseased kidneys. Our data are of necessity descriptive. The functional significance of the variable patterns of expression of VEGF isoforms and VEGF receptors remains to be determined, as do the factors responsible for their regulation. Furthermore, additional studies will be required in order to assess the potential functional capacity of VEGF "%)
, which may be biologically active directly or via its influence on other more potent isoforms, adding a further layer to the complex biology of this molecule.
